The purpose of this study was to define the biochemical properties of sarcolemma from the caldum-depleted rabbit heart. Caldum repletion after caldum-free perfusion results in irreversible damage to the heart (caldum paradox). No difference was found in specific activity of the Na + -Ca ++ antiporter in a crude preparation of sarcolemmal vesicles that was isolated from caldum-depleted hearts, compared with control perfused hearts. Likewise, the passive caldum efflux from sarcolemmal vesicles, preloaded with caldum via the Na + -Ca ++ antiporter, showed rates that were identical with control values. This indicates that the sarcolemma caldum permeability is not affected by caldum-free perfusion of the heart. Na + ,K + -ATPase activity in sarcolemma isolated from caldum-depleted hearts was reduced by 75% (P < 0.005) compared with the control activity. Sarcolemmal phosphoproteins, whether produced by endogenous cyclic AMP-or caldum-calmodulin-dependent protein kinase, were not altered by caldum-free perfusion of the heart. The content of an important caldum-binding site in the myocardial cell, the sialic add residues, was also estimated. Only a long period (60 minutes) of caldum-free perfusion resulted in a significant decrease (by 68%, P < 0.025) of sialic add content in the homogenate but not in the sarcolemma preparation. In hearts that were reperfused for 15 minutes with a normal caldum concentration (1.3 mM), sarcolemmal Na + ,K + -ATPase remained depressed and caldum permeability was still unchanged. It is possible that the sarcolemma isolation method selected a distinct part of the sarcolemma from the caldum-depleted and repleted heart that had no modified glycocalyx and permeability barriers to caldum ions, and that another part of the sarcolemma with altered properties was lost during the isolation procedure. Another possibility is that reconstitution processes during isolation affected membrane permeability properties. The results of the Na + ,K + -ATPase measurements provide evidence that the net caldum gain of the cells after caldum repletion may be associated, in part, with a loss in ability of the sarcolemma to remove caldum from the cytosol. (Circ Res 54: 217-226, 1984) 
WHEN isolated hearts are perfused with a Ca ++free medium, the contractile activity declines quickly (Ringer, 1883; Bailey and Dresel, 1968; Crevey et al., 1978) . The reintroduction of Ca ++ results in a massive release of enzymes and other proteins from the heart, a loss of tissue high energy phosphates, development of contracture, swelling of mitochondria, formation of intramitochondrial electron-dense material, and severe ultrastructural damage (Zimmerman and Hulsmann, 1966; Zimmerman et al., 1967; Ruigrok et al., 1975; Yates and Dhalla, 1975; Alto and Dhalla, 1979; Grinwald and Nayler, 1981; Rich and Langer, 1982) . Zimmerman and Hulsmann (1966) introduced the term, *Ca ++ paradox,' to describe this phenomenon. Later reports have demonstrated that the degree of ultrastructural damage, enzyme leakage, and contractile depression are dependent on the duration of Ca + -free perfusion (Yates and Dhalla, 1975; Alto and Dhalla, 1979; Grinwald and Nayler, 1981; Rich and Langer, 1982) .
It is now generally believed that uncontrolled gain of Ca ++ is the primary cellular event that is responsible for the destructive changes developing in Ca ++ repletion. The excessive net gain of Ca ++ during the Ca ++ paradox may lead to a variety of intracellular changes, which have been summarized recently (Grinwald and Nayler, 1981) . These changes include rapid depletion of ATP by the ATPase activities of actomyosin, sarcoplasmic reticulum (SR), and mitochondria. Both the hydrolysis of ATP and the excessive Ca ++ uptake of mitochondria are accompanied by a release of H + ions, which may acidify the cytoplasm triggering the destructive action of Ca ++and H + -dependent phospholipases and proteases in the cytoplasm and the lysosomes. Development of cardiac contracture and accumulation of electrondense Ca ++ precipitates in mitochondria have often been used as evidence to support the contention that 218 Circulation Research/VoJ. 54, No. 3, March 1984 the paradoxical effects are associated with Ca ++ overload (Ruigrok et al., 1978; Grinwald and Nayler, 1981) .
At present there is no firm evidence regarding alterations in known Ca ++ -transporting systems that would explain the development of Ca overload. It is generally assumed that a period of Ca ++ -free perfusion renders the membrane more permeable to Ca ++ ions (Grinwald and Nayler, 1981) . The possible importance of the glycocalyx in regulating the Ca ++ permeability of the cardiac cell surface has been emphasized by Frank et al. (1982) . Ca ++ -depleted heart cells exhibited separation of their glycocalyx from the lipid bilayer as demonstrated by electronmicroscopy. Ca ++ -free perfusion also caused readily detectable losses of tissue K + , which may indicate nonspecific changes in sarcolemmal (SL) ion permeability (Zimmerman et al., 1967; Paradise and Visscher, 1975; Crevey et al., 1978) . Certain pharmacological agents, e.g., dimethylsulfoxide and anticalmodulin drugs, which have been shown to act upon membranes, can protect the heart against damage caused by the calcium paradox (Ruigrok et al., 1981; Schaffer et al., 1982) . Despite the numerous studies indicating that the massive increase in cellular Ca + + is responsible for the Ca ++ paradox damage, the biochemical basis of the SL injury associated with Ca ++ depletion is still not clear. Subcellular cardiac membranes, isolated after a Ca ++ depletionrepletion cycle of the perfused organ, have previously been studied (Alto and Dhalla, 1981; Kramer et al., 1981) . The alterations observed, however, could involve secondary effects due to Ca ++ overload. The properties of the SL from the Ca ++ -depleted heart have obtained little attention.
In view of the importance of SL with respect to myocardial Ca ++ metabolism and contraction, we have examined the biochemical properties of this membrane after Ca ++ -free perfusion of the heart. Our first aim was to evaluate Na + -Ca ++ antiporter function in SL. The possibility of a nonspecific change in SL Ca ++ permeability was tested by measuring Ca ++ efflux from a crude preparation of SL vesicles. Na + ,K + -ATPase activity in the SL preparation was measured because this activity in vivo is one factor that determines the rate and direction of the net Na + -Ca ++ exchange across the SL membrane. Other aspects that focus on possible alterations of the biochemical structure of the SL in Ca ++ depletion have also been studied. The phosphorylation patterns of SL after the action of cyclic AMPand Ca ++ -calmodulin-dependent protein kinase, which both have been shown to be present endogenously (Jones et al., 1981; , were determined. Finally, an important Ca ++ binding site, the sialic acid residues of the glycocalyx part of SL, was estimated.
M e t h o d s
Male albino rabbits (2500-3000 g) of the New Zealand strain were used throughout the study. The animals were anesthetized with a mixture of fluanison and fentanyl (Hypnorm) and were heparinized. The hearts were quickly removed and subsequently perfused at 37°C by the Langendorff technique at constant pressure of 6.4 kPa (65 cm H 2 O). The standard perfusion medium had the following composition (nw): NaCl, 124; KC1, 4.7; CaCl 2 , 1.3; MgCl1 .0; NaHCO 3 , 24.0; Na 2 HPO 4 , 0.5; glucose, 11.0. During Ca^-free perfusion, CaCl 2 was omitted from the standard medium, and no correction was made for the small change in osmolarity. The perfusion media were equilibrated with 95% O 2 /5% CO 2 and the resulting pH was 7.4. Perfusions were begun with a 15-minute control period, with the standard medium. This was followed by 10 minutes of perfusion with either Ca ++ -free or Ca ++ -containing solution. In one set of experiments, the 10-minute perfusion with Ca ++ -free solution was followed by 15-minute reperfusion with Ca ++ -containing solution. At the conclusion of each perfusion sequence, the hearts were removed from the cannula and were placed in chilled homogenization medium for the isolation of subcellular fractions. For some control experiments, hearts were removed from animals and were immediately homogenized and the SL isolated.
Creatine Kinase Release and Heart Contractility Measurements
The effluent perfusate was analyzed for creatine kinase (CK) activity at 25°C, using a Vitatron Automatic Kinetic Enzyme System (AKES) and a Boehringer CK NAC-activated kit (Szasz et al., 1976; Gruber, 1978) . Enzyme activity was expressed in IU/5 min per g dry weight. Isotonic contractions and development of contracture were recorded as described by Meijler et al. (1962) .
Homogenate and SL Isolation Procedure
We followed a procedure similar to that previously used by Reeves and Sutko (1979) . In brief, 6-9 g of ventricular tissue were homogenized in 3.5 volumes of ice-cold 0.3 M sucrose, 5 mM MgSO 4 , 10 mM imidazole-HCl (pH 7.0) with three 5-second bursts of the Polytron PTi 0 (dial setting 5). At this stage, six aliquots of 0.2 ml were taken from the homogenate, immediately frozen in liquid nitrogen, and stored at -80°C. The sucrose concentration of the residual homogenate was adjusted to 0.6 M with a 2 M sucrose solution under vigorous stirring and the homogenate was centrifuged for 30 minutes at 32,800 £"," in a SS 34 rotor of a Sorvall RC-5 centrifuge. The supernatant was diluted with 1.5 volume of 0.16 M NaCl plus 20 mM 3-{N-morpholino)-propane sulfonic acid (MOPS), was adjusted to pH 7.4 with solid Tris, and was centrifuged at 48,000 gcw for 30 minutes. The membrane pellet was suspended in 0.16 M NaCl plus 20 mM MOPS-Tris (pH 7.4) to a concentration of 3-6 mg/ml, and was immediately frozen in liquid nitrogen and stored at -80°C. Na^Ca** Antiporter Activity and Passive Ca ++ Efflux in SL Vesicles Na + -Ca ++ exchange was measured in SL vesicles loaded with Na + by a preincubation in 0.16 M NaCl plus 20 mM MOPS (pH 7.4) at 37°C for 20 minutes (Reeves and Sutko, 1979; . To estimate Ca ++ uptake, we added a 5-/*l aliquot of this preincubated SL suspension to 150 M l of 0.16 M KC1 or NaCl plus 20 mM MOPS (pH 7.4) and 50 JIM 45 CaCl 2 (0.2 Ci/mmol). The concentration of membrane protein was adjusted to between 25 and 40 Mg/150 /il of incubation medium. The uptake of * 5 Ca was terminated at 15, 30, 45, 60, and 120 seconds by rapidly The passive efflux of Ca" 1 " 1 " from preloaded vesicles was estimated by a procedure slightly modified from that of Chien et al. (1981) . Vesicles were loaded for 2 minutes with 45 Ca, as described for the Na + -Ca ++ antiporter. After this time, 50 fi\ of this suspension were added to 1.2 ml of 0.1 mw EGTA, 0.16 M KC1, and 20 mM MOPS (pH 7.4) at 37°C. Vesicles were harvested on Millipore filters at various intervals. A complete series of experiments of passive Ca ++ efflux was carried out with vesicles loaded with 45 Ca in the absence of a Na + gradient. These blank reactions were subtracted from the corresponding values obtained from vesicles loaded with 45 Ca in the presence of a Na + gradient, so that efflux of 4! Ca specifically taken up via the Na + -Ca ++ antiporter was estimated.
Na + ,K + -ATPase and 5'-Nudeotidase Activity
Na + ,K + -ATPase activity was determined by incubating 20-40 fig membrane protein in 200 ^1 50 mM Tris-maleate (pH 7.4), 0.1 M NaCl, 10 mM KC1, 3 mM MgClz, 1 mM Tris-EGTA and 2 mM [T-32 P]-ATP (0.25 mCi/mmol). The reactions were carried out in the absence and presence of 1 mM ouabain. After 4 minutes of incubation at 37°C, the reactions were terminated by the addition of 20 fi\ 20% trichloroacetic acid (plus 5 HIM inorganic phosphate), and the 32 P-molybdate complex was extracted in isobutanol as described previously . 5'-Nucleotidase was determined by measuring the enzymatic conversion of [U-14 C]-AMP to [U-14 C]-adenosine (Lamers and Stinis, 1979, 1980) 
Ca^-Calmodulin-and cAMP-dependent Phosphorylation of SL Proteins
These reactions were carried out by adding 0.1 mM [7-32 P]-ATP (5 Ci/mmol) to 50 fi\ medium containing 100 fig membrane protein, 100 mM KG, 50 mM Tris-maleate (pH 6.8), 5 mM MgCl 2 , 0.1 mM EGTA, and zero or 0.107 mM CaCl 2 (free Ca ++ concentration: 12 fiu), 0.5 fiM calmodulin, or 5 fiu CAMP. The samples were preincubated for 4 minutes at 25°C before the phosphorylation reaction was started by adding [7-32 P]-ATP. Reactions were terminated after 2 minutes by adding 25 fil stopmixture (SDS/ /3-mercaptoethanol/glyceTol). The mixture then was incubated at 95°C for 10 minutes and subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 15% acrylamide and to autoradiography, as previously described (Lamers and Stinis, 1980; .
Sialic Acid Content of Cardiac Homogenate and SL Fractions
For the assay of sialic acid residues, homogenate (300 Hg) or SL (100 fig) protein was precipitated by adding 10% trichloroacetic acid. After it had been 10 minutes on ice, the precipitate was pelleted by 5-minute centrifugation at 12,000 #"". The tube wall and upper surface of the protein pellet were carefully washed with 0.05 M H 2 SO 4 . Then, the protein was transferred, using 100 iA 0.05 M H 2 SO,, to screw-capped tubes and incubated for 60 minutes more at 80°C in a water bath. After they had been cooled in ice, the samples were made up to 100 fi\ with water and were analyzed with the thiobarbituric acid assay (Horgan, 1981) . Pure N-aceryl-neuraminic acid for the standard was obtained from Merck. Internal standard additions were tested to assure stability of the sialic acid during the heating step in H 2 SO 4 . In some experiments, membrane samples were treated with 0.5 U of neuraminidase (Boehringer) per mg membrane protein in a medium containing 0.25 mg SDS and 0.3 M sodium acetate (pH 5.0), and were then precipitated with trichloroacetic acid.
Statistical Analysis
The significance of any difference between groups of measurements was analyzed by the unpaired Student's ttest, with P = 0.05 as the limit of significance. The results are presented as means ± SEM.
Materials
Except where otherwise noted, biochemicals were obtained from Merck, Boehringer, or Sigma, and radioisotopes were purchased from Amersham International Ltd. Alamethicin was kindly given to us by Dr. J. Grady of the Upjohn Company in Rochester, New York. A purified preparation of brain calmodulin was kindly supplied by Dr. H. R. de Jonge. Millipore filter, type SM 1,1306, pore size 0.45 run, was obtained from Sartorius.
Results

Ca ++ Paradox Phenomena after Ca ++ -Free Perfusion
The first series of experiments was performed to ascertain that 10 minutes of Ca ++ -free perfusion was sufficient to predispose rabbit hearts to the Ca ++ paradox. Damage to the hearts upon reperfusion with Ca ++ was quantified in terms of CK release into the effluent perfusate and contracrure development. Figure 1 shows the massive CK release during the reperfusion phase. Total release of enzyme during 30 minutes of reperfusion with Ca ++ was similar to that in a recent study by Rich and Langer (1982) , using rabbit hearts. Figure 1 also shows the disappearance of mechanical activity during Ca ++ -free perfusion and the development of irreversible contracture upon reperfusion. These results demonstrated that 10 minutes of Ca ++ -free perfusion at 37°C predisposed the rabbit hearts to a full Ca ++ paradox (Zimmerman and Hiilsmann, 1966; Ruigrok et al., 1975; Yates and Dhalla, 1975; Grinwald and Nayler, 1981) .
Ca ++ Transporting Properties of a Crude SL Vesicle Preparation Isolated from Ca ++ -Depleted Hearts
The Na + -Ca ++ antiporter and Na + ,K + -ATPase activities in a homogenate were rather difficult to estimate, due to the relatively high basal Ca ++ binding and ATPase activities, respectively, present in the crude homogenates. For the estimation of pas- sive Ca ++ permeability after Ca ++ depletion, it was also necessary to work out a method for SL isolation that yielded intact vesicles. The method used in the present study did not involve treatments with salts, EDTA, or Ca ++ oxalate precipitation, which have been shown to affect structural integrity and enzymatic activities of cardiac SL. As can be seen from Table 1 , in either control or Ca ++ -free perfused hearts, the specific activity of the SL marker 5'nucleotidase increased 6-to 7-fold above that in the original homogenate. This degree of SL purification is somewhat higher than the 4-fold increase observed by Reeves and Sutko (1979) . No significant differences were found in the total yield of SL membrane protein observed in control and Ca ++depleted hearts (Table 1) . The time-course of Na + -dependent Ca ++ uptake in the presence of 50 fiU 45 CaCl 2 is presented in Figure 2 . The initial rate of C a^ uptake was similar in SL from control perfused and from Ca ++ -free perfused hearts, indicating that there was no significant change in Na + -Ca ++ antiporter activity in the Ca^-depleted heart. The initial rates of Na + -Ca ++ exchanger were rather low (about 8 nmol * 5 Ca/min per mg, as compared with 25 nmol 45 Ca/min per mg reported by Reeves and Sutko (1979) for SL preparations obtained from nonperfused hearts). In the present study, appreciably higher rates of the Na + -Ca ++ antiporter were found in SL isolated from nonperfused hearts compared with perfused hearts (Fig. 2) . The meaning of this observation is not dear, because the rate of the Na + -Ca ++ exchanger is dependent on several factors under the conditions employed, such as the outward Na + gradient, intravesicular volume, ion permeability of the vesicles, and degree of purity of the SL preparations. That vascular perfusion would affect the passive permeability of SL vesicles for Ca ++ ions, was excluded (compare Fig. 3 ). In addition, the degree of purity of the SL vesicles (as assessed by 5'-nudeotidase assays) did not influence the results (unpublished results).
The Na + -Ca ++ exchange activity has been observed in SL and mitochondria, but not in SR (Caroni and Carafoli, 1981; . The membrane preparation employed in the present study was previously characterized by Reeves and Sutko (1979) . Electron microscopy revealed that mitochondria were almost absent. Therefore, the Na + -C a^ antiporter provides a means of specifically loading the SL population with Ca ++ ions in this crude membrane preparation. Thus, under these conditions, one can measure specifically the passive permeability to Ca ++ of the SL vesides, irrespective of their absolute purity. The Ca ++ efflux measured is not a Na + -Ca or Ca ++ -Ca ++ exchange because both Ca ++ and Na + concentrations in the outside medium were low, due to the addition of EGTA and KG to the dilution medium. As can be seen from Figure 3 , the replacement of a part of the 160 nut KG by 50 mM NaCl in the efflux medium stimulated markedly the rate of Ca ++ efflux, most likely because of the Na + -Ca ++ antiporter action. This demonstrates that intravesicular Ca ++ could be removed in a reversible manner by the Na + -Ca ++ exchanger. Moreover, the efflux of Ca ++ in 160 mM KG showed first order kinetics (Fig. 3) , which is consistent with a simple diffusion process, whereas the expected nonlinearity in the semilogarithmic plot was found for the Na + -induced Ca ++ efflux. In the right part of Figure 3 , it can be seen that there were no differences in SL Ca ++ permeability after control and after Ca ++ -free perfusion. These results indicate that in fact there were no significant changes in Na + -Ca ++ exchange and SL Ca perme- . Na*,K*-ATPase activities in SL purified from control perfused and Ca**-free perfused rabbit hearts. The peptidic ionophore, alamethicin, which increases membrane permeability to ATP, Na*, and K*, was used for measurement of latent enzymatic activity (Lamers and Stinis, 1982) .
ability at the end of 10 minutes of Ca ++ -free perfusion of the heart, as measured in isolated SL vesicles that constituted about 13% of the total amount of SL in the intact heart (Table 1) .
Na + ,K + -ATPase Activity in SL Vesicles from Ca ++ -Depleted Hearts
Na + ,K + -ATPase activity was measured in the SL preparations, and the results are shown in Figure 4 . The ouabain-sensitive part of the total ATPase is rather small, as was also found in other studies on SL from the rabbit heart (Mas-Oliva et al., 1979; Nagatomo and Sasaki, 1981) . The absolute activity of the ouabain-sensitive Na + ,K + -ATPase in control perfused hearts, as presented in Figure 4 , is within the range of 4-15 /imol/mg per hour reported by other laboratories (Mas-Oliva et al., 1979; Nagatomo and Sasaki, 1981; Bersohn et al., 1982) . It can also be concluded that a major part of the ouabainsensitive ATPase is latent in the intact vesicles used in the present study. It was unmasked by preincubating SL vesicles with the peptidic ionophore alamethicin as previously described (Jones et al., 1980; Bersohn et al., 1982; Lamers and Stinis, 1982) . A considerable reduction of Na + ,K + -ATPase activity (by 75%, P < 0.005) was found in alamethicintreated SL isolated from Ca ++ -free hearts. The ouabain-insensitive ATPase was increased by Ca ++ depletion, although not significantly.
Characterization of SL (Phospho)Proteins
After complete dissociation of SL proteins into smaller subunits by SDS treatment, the samples were analyzed by SDS-PAGE (Fig. 5 ). Proteins were made visible by Coomassie blue staining and 32 P Fig. 5 ). Except for a slight difference in the relative amounts of two proteins in the 45-to 50-kD range, even after prolonged Ca ++ -free perfusion (60 minutes), very similar protein profiles were obtained. It remains possible that SDS dissociation and denaturation of SL proteins had removed the alterations present in the native proteins. It should not remove phosphate, though. The left part of Figure 5 shows the autoradiographs. No differences were observed in phosphorylation patterns obtained with SL isolated from control perfused and Ca ++ -free perfused hearts. Two proteins of 40 and 43 kD, in addition to the well-known 9-to 11-kD protein, were substrates for an endogenous Ca ++ -calmodulin-dependent protein kinase. Also, the dependence of the protein kinase on exogenous Ca ++ (results not shown) and calmodulin (Fig. 5) was unaffected by Ca ++ -free perfusion. The Ca ++ -calmodulin-dependent protein kinase activity is probably not due to SR contamination, because ATP-dependent Ca ++ uptake in the SL preparation was extremely low (0.68 ± 0.20 nmol/mg per min in four preparations). This value should be compared with a previously reported value of 375 nmol/mg per min in rabbit heart SR (Lamers and Stinis, 1979) . Moreover, the activities of Ca ++ -calmodulin-dependent kinase in purified preparations of SL and SR from heart are in the same range (Le Peuch et al., 1979; Jones et al., 1981; Flockerzi et al., 1983) .
For demonstration of maximal activity of the endogenous cAMP-dependent protein kinase, alamethicin was added to the membranes incubated with [7-32 P]-ATP (compare, also, Jones et al., 1980; Lamers and Stinis, 1982) . The presence of 14-and 26-kD proteins, in addition to the well-known 9-to 11-kD proteins, is a more definite proof for the SL origin of the membrane preparation used in the present study (Kranias and Solaro, 1982; Lamers and Stinis, 1982; Rinaldi et al., 1982) . The recent report of Kranias and Solaro (1982) showed SDS-PAGE profiles of Coomassie blue and 32 P-stained SR proteins from rabbit heart that were very different from those presented for SL in Figure 5 , except for the presence of the 9-to 11-kD phosphoprotein. This protein found to be present in both SL and SR is now called *phospholamban-like* protein by many authors. However, from recent studies on highly purified SL preparations, it appeared that it may be present as an adventitious contaminant originating from the SR (Manalan and Jones, 1982) .
Sialic Acid Residue Content of Homogenate and SL Fractions
During Ca ++ -free perfusion the glycocalyx, which contains sialic acid, and which is supposed to be a very important Ca ++ binding site of the SL, is peeled off from the basement membrane (Frank et al., 1982) . In the present study, we tested whether their electronmicToscopic observation of SL in intact heart corresponded with sialic acid measurements in isolated SL. From Figure 6 , it can be seen that sialic acid content of cardiac SL and homogenates did not change after 10 minutes of Ca ++ -free perfusion. Measurements were also done after a longer period (60 minutes) of Ca ++ -free perfusion, and these revealed a 60% decrease in the sialic acid content of homogenate (Fig. 6) . In contrast, no loss of sialic acid was observed in SL vesicles. From pilot experiments, it was concluded that about 60% of the sialic acid can be removed from isolated SL after neuraminidase treatment in the presence of SDS. Thus, a greater part of the covalently-bound sialic acid is readily susceptible to enzymatic attack.
SL Function in the Ca ++ -Repleted Heart
To determine whether the change in SL Na + ,K + -ATPase found in Ca ++ depletion was irreversible, we reperfused Ca ++ -depleted hearts for 15 minutes with 1.3 mM Ca ++ . Na + ,K + -ATPase activity remained significantly depressed ( Table 2 ). The activities of 5'-nucleotidase and Na + -Ca ++ antiporter were still unaffected. Also, the phosphorylation patterns of SL preparations obtained from Ca ++ -reperfused hearts exhibited no essential changes (results not shown). Rather surprisingly, the SL Ca ++ permeability, expressed as the percentage of vesicular Ca ++ released within 5 minutes, was not significantly different from that in control perfused or Ca ++ -free perfused hearts (Table 2) . Another remarkable finding was that the yield of SL membrane protein and 5'-nudeotidase activity amounted to only 50% of that obtained from control perfused or Ca ++ -free perfused hearts.
Discussion
The inability of the isolated perfused heart to recover its contractile function when Ca ++ is reintroduced after a brief period of Ca ++ -free perfusion is believed to be due to an alteration in the ability of the heart to regulate the level of intracellular Ca ++ . It has been shown by many authors that the tissue content of Ca ++ is increased above control values after reintroduction of Ca ++ (Alto and Dhalla, 1979; Grinwald and Nayler, 1981) . Despite numerous studies indicating that a massive uptake of Ca ++ is responsible for Ca ++ paradox damage, the biochemical basis for the development of membrane injury associated with Ca ++ depletion is still not clear. Several groups have studied subcellular membranes isolated from hearts repleted with Ca ++ after a Ca ++free period (Dhalla et al., 1976; Alto and Dhalla, 1981; Kramer et al., 1981) . The alterations that were described include depressed Ca ++ binding and Na + ,K + -ATPase activities in isolated SL and decreased activity of a Ca ++ -pumping ATPase in microsomes. In most of these reports, the activities measured were slightly, but not significantly, lowered after Ca ++ -free perfusion. The alterations in the subcellular membranes after Ca ++ repletion are unlikely to be the basis for the abnormal influx of Ca ++ because they may represent secondary effects due to the Ca ++ overload.
SL Function after Ca ++ Depletion
A reduction in the concentration of Na + in the Ca ++ -free perfusate has been found to make the isolated heart less vulnerable to the calcium paradox (Alto and Dhalla, 1979) . This could indicate that the • Values are significantly different from the respective values obtained in control perfused hearts (yield of 5'-nucleotidase, P < 0.025; Na + ,K + -ATPase, P < 0.005). ATPase measurements were done in the presence of the peptidic ionophore, alamethicin. Na + -Ca ++ exchange represents the O** uptake during 1 minute, which is not identical to the initial rate of the Na + -Ca ++ antiporteT. Na + -Ca ++ antiporter action during a Ca ++ -free period is involved in the process of predisposing the heart to the calcium paradox. Protection by low external Na + during Ca ++ -free perfusion may be brought about by reducing the increase in the intracellular Na + concentration that is observed during Ca ++ -depletion. This would result in a more efficient removal of cytosolic Ca ++ by the Na + -Ca ++ exchange during the reperfusion phase. From the present results it can be concluded that the specific activity of the Na + -Ca ++ antiporter is not affected by Ca ++ depletion of the heart. In this respect, another experimental condition should be mentioned: the SL vesicles were stored frozen at -80°C before they were used in the transport studies. However, pilot experiments showed no differences in Na + -Ca ++ antiporter activity or Ca ++ permeability between native and frozen vesicles (unpublished results). The absence of any difference between control perfused and Ca ++ -free perfused heart in terms of SL Ca ++ permeability indicates that the increased entry of Ca ++ during Ca ++ repletion does not proceed by a nonspecific passive diffusion process through damaged or leaky membranes. It should be noted that both rightsided and inside-out SL vesicles were loaded with Ca ++ for the Ca ++ efflux studies, because recently it has been shown that the Na + -Ca ++ antiporter has symmetrical properties (Philipson and Nishimoto, 1982) . Therefore, it can be assumed that Ca ++ permeability is measured in both directions across the SL membrane. The SL preparation used in the present study does contain both types of vesicles, as was demonstrated by the latency of Na + ,K + -ATPase and cAMP-dependent protein kinase. The yield of SL membranes, estimated by the extent of enrichment of 5'-nucleotidase, varied between 11 and 13% of the total homogenate content. It cannot be excluded, therefore, that the Ca ++ ion permeability is affected by Ca ++ -free perfusion of the heart, but that the SL isolation procedure selected the most intact part of the surface membrane. For this purpose it may be useful to develop methods for estimating Na + -Ca ++ exchange activity and Ca" 1 " 1 " permeability in unfractionated homogenates. Bersohn et al. (1982) demonstrated a depressed Na + -Ca ++ antiporter activity and an unchanged Ca ++ permeability in SL from the ischemic rabbit heart by using techniques similar to ours. Their SL preparation was obtained with an even lower yield (8%). Thus, it is possible that, in contrast to the Ca ++ depletion-repletion model, in ischemia-reperfusion, a lower rate of Na + -Ca ++ antiporter is involved in the development of Ca ++ overload. As in the present study, Bersohn et al. (1982) found a decrease in Na + ,K + -ATPase activity, which also contributed to tissue accumulation of Ca ++ ions.
It has been demonstrated by many laboratories that Ca ++ depletion of heart cells leads to changes in cellular K + and Na + contents (Zimmerman et al., 1967; Paradise and Visscher, 1975; Crevey et al., 1978; Alto and Dhalla, 1979; Goshima et al., 1980; Circulation Research/Vol. 54, No. 3, March 1984 Cheung et al., 1982 . The present finding of a decreased Na + pumping activity in SL isolated from Ca ++ -free perfused hearts is consistent with these observations. Inhibition of the Na + -K + pump leads to elevation of intracellular Na + , which increases the Ca ++ influx via Na + -Ca ++ exchange at the moment of Ca ++ repletion. Also, the protection by low Na + during Ca + -free perfusion might be explained, in part, by a critical involvement of Na + ,K + -ATPase deficiency in the Ca ++ paradox damage (Alto and Dhalla, 1979) . Recently, it has been shown that the Na + -Ca ++ antiporter is electrogenic Philipson and Nishimoto, 1982) , so that the membrane potential is also an important determinant of the net Na + -Ca ++ exchange. The resting potential is indirectly formed by the Na + -K + pump (Mullins, 1979) and is, therefore, another means by which the Na + ,K + -ATPase plays a role in the Na + -Ca ++ exchange activity. It remains possible that there is also a permeability defect in SL for Na + and K + ions. The fact that the Na + -Ca ++ antiporter activity is unchanged in SL vesicles isolated from Ca^-depleted hearts, makes the possibility of a permeability change for Na + ions very unlikely. The rate of the Na + -Ca ++ antiporter depends very much on the stability of the artificially produced Na + gradient.
Others have reported (Dhalla et al., 1976; Alto and Dhalla, 1981; Cheung et al., 1982; Mansier and Lelievre, 1982) on the specific activities of Na + ,K + -ATPase in SL from Ca ++ -free perfused hearts. A significant decrease found by Dhalla et al. (1976) after 20 minutes of Ca ++ -free perfusion is consistent with the present finding. Mansier and Lelievre (1982) perfused rat heart for 1 minute at room temperature with Ca ++ -free buffer and demonstrated a conversion of heart Na + ,K + -ATPase into a form highly sensitive to ouabain. Although other laboratories have shown that hypothermic Ca ++free perfusion does not lead to a complete Ca ++ paradox (Holland and Olson, 1975; Boink et al., 1980; Rich and Langer, 1982) , the observation of Mansier and Lelievre (1982) indicates that the operation of Na + ,K + -ATPase in cardiac SL is sensitive to the presence of Ca ++ in the extracellular fluid.
Aspects Related to the Biochemical Structure of SL after Ca ++ Depletion
The depression of Na + ,K + -ATPase after Ca ++ depletion cannot be attributed to gross changes in the protein pattern of SL membranes. It is important to emphasize here that the employed SDS-PAGE separation technique detects changes only in the molecular weight of SDS-denatured proteins. Previously, Alto and Dhalla (1981) found a decrease in the microsomal Ca ++ uptake rate associated with the Ca^ paradox phenomenon, but protein profiles of microsomes on SDS-PAGE were unchanged. From ultrastructural studies in Ca ++ -depleted hearts, two major changes in SL structure were detected (Frank et al., 1982) : not only was the glycocalyx separated from the bilayer, but, also, freeze-fracture micrographs showed an apparent decrease in the number of intramembrane particles on the P face. This finding may be related to the decrease in Na + ,K + -ATPase found in the present study.
Phosphorylation of protein components in SL plays an important role in the modulation of the Ca transport. A 9-to 11-kD 'phospholambanlike' phosphoprotein, otherwise known as 'calciductin,* has been implicated in the regulation of both the SL Ca ++ pump and the voltage-dependent Ca ++ channel Rinaldi et al., 1982; Lamers, in press ). According to a recent study (Manalan and Jones, 1982) , phospholamban in SL preparations is most likely an adventitious contaminant. It has been suggested to be nonspecifically absorbed to the outer surface of right side-out SL vesicles. However, this is difficult to believe, because the phosphoprotein amounts to approximately 2% by mass of total SL protein (Capony et al., 1983; Flockerzi et al., 1983; Haiech and Demaille, 1983 ). In the present study, the possibility was considered that Ca ++ -free perfusion would remove SL-bound calmodulin, which could affect the kinetic properties of the SL-bound Ca ++ -calmodulin-dependent protein kinase. However, irrespective of whether SL originated from control or Ca ++ -free perfused hearts, the Ca ++ -calmodulin-dependent protein kinase needed identical concentrations of Ca ++ and calmodulin to reach maximum activity (Fig. 5) .
Although Ca ++ -free perfusion leads to a breakdown of the ultrastructure of the glycocalyx (Frank et al., 1982) , the present study indicates that this is not accompanied by the removal of sialic acid. Probably this occurs after longer periods of Ca ++ -free perfusion, because, after 60 minutes, a 60% decrease in homogenate sialic acid content was observed (Fig.  6 ). The latter result can also be interpreted to mean that during 60-minute Ca ++ -free perfusion, cytoplasmic glycoproteins are released by the myocardium. Indeed, in control perfused hearts, there was only a 2-fold enrichment of sialic acid observed in SL, which increased to 8-fold after a 60-minute Ca ++ -free period (Fig. 6 ). Since a 13% yield in the purification of SL vesicles was obtained, it is possible that the SL preparation consisted of a distinct part of the cell membrane. This could provide another explanation for the discrepancy between the sialic acid measurements in SL and homogenate. There is indeed evidence that SL vesicles derived from Ttubular, surface membrane, and intercalated disc membrane are harvested at different steps of the membrane fractionation procedure (Colaco and Evans, 1982) . Another notable finding in the present study was the absence of any effect on passive Ca ++ permeability of SL vesicles isolated from Ca ++ -free perfused or reperfused hearts. In view of the low yield of SL membrane protein, selective removal of damaged SL vesicles during isolation may have occurred. However, reconstirution of phospholipidprotein complexes in the SL during hyper-and hypoosmotic shock treatments could also have affected membrane permeability properties.
In conclusion, the results obtained with Na + ,K + -ATPase activity measurements provide evidence that the net Ca ++ gain of the cells after Ca" 1 " 1 " repletion may be associated with a decrease in SL Na + ,K + -ATPase, resulting in an impaired ability of the myocytes to remove Ca ++ from the cytosol.
